Possible effects of Chern-Simons (CS) gravity on a quantum interferometer turn out to be dependent on the latitude and direction of the interferometer on the Earth in orbital motion around the Sun. Daily and seasonal variations in phase shifts are predicted with an estimate of the size of the effects, wherefore neutron interferometry with ∼ 5 meters arm length and ∼ 10 −4 phase measurement accuracy would place a bound on a CS parameter comparable to Gravity Probe B satellite.
Introduction.-It has long been a fundamental issue to understand the interplay between the quantum theory and the gravitational physics. The interplay is studied mostly by theoretical experiments [1] . Corella, Overhauser, and Werner (COW) [2] succeeded an first experiment involving both the Plank constant h and the gravitational constant G by using a neutron interferometer. In COW experiments, a neutron interferometer is tilted, such that a neutron beam path I is higher above the surface of the Earth than the other path segment II, causing a gravitationally induced phase shift of the neutron de Broglie waves on path II relative to path I. The gravitationally induced phase shift was experimentally observed [2, 3] . In recent years, technological progress has been brought into quantum experiments including neutron interferometers and quantum optics. Current attempts to probe general relativistic effects in quantum mechanics focus on precision measurements of phase shifts in quantum interferometers (e.g. [4] ). Hogan has recently proposed an ambitious idea to use quantum interferometers as an experimental probe of a quantum spacetime at the Planck scale [5] . Quantum experiments may play a role in probing an intermediate regime between general relativistic gravity and Planck scale physics.
Current astronomical observations, such as the apparent accelerated expansion of the Universe, suggest a possible infrared modification to general relativity (GR). The ChernSimons (CS) correction is not an ad hoc extension, but it is actually motivated by both string theory, as a necessary anomaly-canceling term to conserve unitarity [6] , and loop quantum gravity [7] . Alexander and Yunes have recently pointed out that CS gravity possesses the same parameterized post-Newton (PPN) parameters as general relativity, except for the inclusion of a new term, proportional to the CS coupling and the curl of the PPN vector potential [8, 9] . They have also shown that this new correction might be used in classical experiments, such as Gravity Probe B, to bound CS gravity and test string theory (See [10] for an extensive review of CS modified gravity).
In contrast to approaches focusing on general relativistic effects on quantum systems [1] , we shall study CS gravity in quantum experiments as another attempt to probe quantum gravity. Nandi and his collaborators [11] have recently discussed the quantum phase shift in Chern-Simons modified gravity, where an isolated gravitating body was considered. They have concluded that the induced shifts by the spin of the body are too tiny to be observed. 
where f is a prescribed external field (with units of area in geometrized units) that acts as a coupling constant, R is the Ricci scalar, and the star stands for the dual operation.
The weak-field solution to the CS modified field equations in PPN gauge is given by [8] [9] [10] 
where A full dynamical study of seeking approximate solutions for rotating extended bodies has yet to be carried out [10] . Henceforth, we investigate whetherḟ term in Eq. (3) brings new gravitational physics into quantum systems.
Following [8] , let us consider a system of nearly spherical bodies in the standard PPN point-particle approximation. A follow-up study conducted by Smith and his collaborators [15] shows that the new term in Eq. (3) is valid even outside of a weakly gravitating spinning body like the Earth. For the above vector potential V i , the CS correction to the metric becomes in the barycenter frame [8, 9, 16, 17] The Hamiltonian for a quantum particle in a curved spacetime involves g µν . The linearorder correction to the Hamiltonian by g 0i becomes δH = mcg 0i v i for a slowly-moving particle [18] . A phase difference induced by g 0i is thus expressed as [3] ∆ = 1
where g denotes (g 01 , g 02 , g 03 ), m denotes the quantum particle mass, ≡ h/2π denotes Dirac's constant. By using Stokes theorem, ∆ is rewritten in the surface integral form over
This form has an analogy in the Aharonov-Bohm (AB) effect. The AB effect in the phase shift, which was confirmed experimentally [19] , is
potential A in the electromagnetism. Note that the phase difference ∆ in Eq. (7) is caused by time dilation and hence it does not depend on de Broglie wavelength λ, in contrast to COW experiments.
Let us substitute the CS term of Eq. (5) into Eq. (7) to obtain ∆ for CS gravity. By using an identity ǫ ijk (1/r) ,jkl = 0 with the Levi-Civita symbol ǫ ijk , one can see that the Jdependent part of the metric in Eq. (5) always vanishes in Eq. (7), whereas the v-dependent part makes contributions.
Since ∆ involves the curl operation on the surface of the Earth and the Earth radius r E is much shorter than 1AU, the terms associated with the solar mass M ⊙ in Eq. (7) is
smaller than those with the Earth's mass M E , so that the terms with the solar mass (and other planetary ones) can be safely neglected. Henceforth, we focus on the Earth mass (also its spin and orbital angular momentum) in CS gravity.
Hence, Eq. (7) becomes
where we used r E ≫ √ S (the Earth radius is much larger than the interferometer arm length) and hence r = r E in the integrand. Here, in an inertial frame, v E denotes the Earth's orbital velocity, n E stands for the unit vertical vector on the ground (at a certain latitude), N I means the unit normal to the interferometer plane (See also Fig. 1 ). The unit normal vectors n E and N I in an inertial frame change with time as the Earth rotates. The change rate depends on the latitude. Moreover, N I depends also on the interferometer's direction such as horizontal and vertical. In contrast to COW experiments, the interferometer direction such as North and East does matter in CS gravity. Therefore, the factor [3(
depending on the latitude and direction, changes with the Earth's spin and orbital motion.
In order to see more explicitly the interplay between quantum mechanics and CS gravity, the magnitude of Eq. (8) is factored as
where
It is worthwhile to mention that the first fraction in the right hand side of Eq. (9) is due to the quantum mechanical physics and it is large enough ∼ 10 24 s −1 to compensate the factor in the second parenthesis due to the CS gravitational effect ∼ḟ c −1 × 10 −14 , where m is neutron mass. The last factor in Eq. (9) is the squared ratio of the interferometer arm length (often ∼ 60 cm) to the Earth radius. In total, the magnitude of ∆ CS is
On the other hand, COW experiments that measure phase shifts due to Newton gravity rely on the inclination angle of the interferometer but not on the latitude [2] . Moreover, the general relativistic effects of a slowly rotating object, known as the Lense-Thirring effects, cause a phase shift proportional to ω E · S (e.g. [20, 21] ), wherefore they depend only on the angle between the Earth's axis and the interferometer. Hence, the directional dependence of the general relativistic phase shifts is in principle distinct from that of CS gravity. Finally, we mention whether other quantum gravity effects could be present in the phase shift. Eq. (1) is the first Parity-violating term in a series of curvature corrections. There are probably other terms that would be cubic and higher order corrections. The next term would induce a correction ∼ḟ 2 (∇×V ) 2 in Eq. (3), so that the part in the second parenthesis of Eq. at middle latitudes are left as a future work [22] .
Current measurements of phase shifts in neutron interferometry do not report any anomalous (daily nor seasonal) variations with phase measurement accuracy at O(10 −3 ). Current neutron interferometry, therefore, places a bound on CS gravity asḟ c −1 < 10 0 s (ḟ < 10 5 km), which is worse by three digits than the constraintḟ c −1 < 10 −3 s by the classical experiment GPB (Gravity Probe B) [8, 23] and also LAGEOS [15] . Future progress in quantum technology may improve the bound. A bound comparable to the GPB limit would be placed, if neutron interferometry were sufficiently improved for ∆ × S −1 (nearly by three digits), for instance ∼ 5 meters arm length and ∼ 10 −4 phase measurement accuracy. It is awaited.
Experimental setups usually suffer from many other seasonal variations. Lacking a signal, a constraint may be placed onḟ . In the presence of a signal, on the other hand, one would have to eliminate all other possible sources of seasonal variability.
Finally, we mention briefly a possible path toward the desired technology improvement.
Neutron interferometers are typically made from a single large crystal of silicon, 20 to 60 cm or more in length. Modern semiconductor technology allows large single-crystal silicon boules to be easily grown [24] . may be used to improve experimental designs of quantum devices to achieve noise suppression in neutron interferometry [27] .
We would like to thank N. Yunes and S. Takeuchi for the useful discussions. is located on the equator of the Earth. We consider three cases of the interferometer direction.
The solid, dashed and dotted curves correspond to N I for a horizontal plane and two vertical ones (one facing the East and the other facing the North), respectively. The midnight is chosen as 0 hour. At midnight and at noon on the same day, CS effects on the phase difference vanish only for the horizontal case. This vanishing can be shown also by using Eq. (8), because v E ⊥ n E N I . hours of each day, respectively.
